Abstract--Myocardial ischemia causes release of chemotactic factors, migration of neutrophils, peroxidation of lipids, and depletion of free radical scavengers. The invading neutrophils may injure the myocardial vasculature and sarcolemma by generating oxygen free radicals. Several agents that affect neutrophils or oxygen radicals were evaluated in a canine model of regional myocardial ischemia and reperfusion. Anesthetized dogs underwent occlusion and repeffusion of the left circumflex coronary artery. Infarct zone, area at risk of infarction, and total left ventricle were quantified by gravimetric and planimetric analysis. Limitation of infarct size by ibuprofen was associated with marked suppression of leukocyte accumulation within the ischemic myocardium. Neutrophil depletion by antiserum resulted in similar reductions of infarct size and was accompanied by a reduction in leukocyte infiltration. A combination of oxygen radical scavengers, superoxide dismutase plus catalase, decreased myocardial injury whether infusion began before occlusion or 75 rain after occlusion. None of the treatments significantly altered hemodynamic indices of myocardial oxygen demand. Reduction of infarct size by ibuprofen, neutrophil antiserum, and free radical scavengers indicates that neutrophils and oxygen radicals participate in producing the irreversible damage to the myocardium during ischemia and repeffusion.
INTRODUCTION
Prognosis after myocardial infarction (MI) is directly related to the extent of irreversible ischemic injury and consequently, many interventions designed to reduce ultimate infarct size have been explored.~ Experimentally, infarct size varies directly with the duration of coronary occlusion.-' Therefore, the angiographic documentation of coronary artery thrombosis during evolving MI suggested that thrombolytic therapy might prove useful to limit the extent of ultimate injury. 3 Clinical trials of intracoronary administration of streptokinase during MI have demonstrated coronary recanalization in up to 80% of patients treated within several hours of symptom onset. 4 Several of the trials, however, have failed to show any improvement in survival or left ventricular function. 5"6 Although the lack of benefit has been attributed to a diminishing value of reperfusion S.W. WERNS. M. J. SHE~, and B. R, LtCCHESt timate extent of damage after myocardial ischemia and reperfusion.
MATERIALS AND METHODS

Occlusion-reperfusion model of myocardial infarction
Detailed methods have been presented in previous publications. 2° Male mongrel dogs (12-15 kg) were anesthetized with sodium pentobarbital (30 mg/kg i.v.), intubated, and ventilated with room air using a Harvard respirator. Catheters were inserted in the left jugular vein and left carotid artery. After a left thoracotomy, the heart was suspended in a pericardial cradle and the left circumflex coronary artery (LCX) was isolated distal to the atrial branch and proximal to major ventricular branches. Coronary blood flow was recorded with an electromagnetic flow probe and flowmeter (Carolina Instruments, Inc.). The arterial pressure was measured with a Statham P23Db pressure transducer calibrated against a mercury manometer. Arterial pressure, LCX blood flow, and the lead II electrocardiogram were recorded continuously on a Grass model 7 polygraph.
To limit reperfusion arrhythmias and myocardial hemorrhage, a critical stenosis was placed on the LCX which reduced the hyperemic response to a 10-s occlusion without altering basal LCX flow. LCX occlusion was maintained for 60 or 90 min and then gradually released over 30 min. Dogs remained anesthetized until sacrifice by electrical fibrillation 6 h after reperfusion, or until closure of the thoracotomy in studies that were terminated 24 h after reperfusion.
Post mortem quantification of infarct size
Cannulas were inserted in the aorta above the coronary ostia and the LCX just distal to the site of occlusion. The aorta was perfused in a retrograde manner with 0.5% Evans blue dye and the LCX was perfused with 1.5% triphenyltetrazolium chloride (TTC) in 20 mM potassium phosphate buffer (pH 7.4, 37°C). The solutions were infused simultaneously for 5 min at 100 mm Hg with the heart Slkspended in a water bath (37°C). The stained heart was cut from apex to base into 1 cm thick transverse sections. Ventricular sections were traced onto clear plastic overlays for planimetric analysis of infarct size prior to dissection for gravimetric analysis. The area of the left ventricle at risk of infarction due to dependence on the LCX was demarcated by the lack of Evans blue dye. The infarct zone within the risk area was identified by lack of staining by the red formazan dye derived from reduction of TTC by dehydrogenase enzymes present in viable myocardium and absent from necrotic myocardium. :~ Infarct size was calculated both as a percentage of the area at risk and total left venmcle. A blinded investigator confirmed the presence or absence of necrosis in tissue sections examined under light microscopy.
Isotope labeling of autologous leukocvtes
Autologous leukocytes were harvested from 50 ml of heparinized venous blood by incubation with 3.0 ml of hydroxyethyl starch (6% Volex, McGaw Laboratories, Inc.). The leukocytes were labeled with indium-111 by incubation with 500/~Ci of indium-111 oxine. Labeled cells (300-450 /.tCi) were injected intravenously 1 h before LCX occlusion. Tissue radioactivity was assayed with a Packard 5320 gamma spectrometer.
RESULTS
Effect of ibuprofen on size and leukocyte accumulation of experimental MI
Although numerous studies have demonstrated that ibuprofen reduces experimental infarct size, its beneficial effects were not accompanied by salutory changes in myocardial oxygen supply or demand. -'° Therefore, experiments were performed to determine whether ibuprofen salvages ischemic myocardium by suppressing platelet or polymorphonuclear leukocyte (PMN) accumulation within ischemic tissue, zz This was accomplished by administration of autoiogous platelets or leukocytes labeled with indium-Ill prior to coronary occlusion, and post mortem determination of tissue radioactivity by gamma spectrometry. Counts were normalized for tissue weight, and then expressed as platelet or PMN accumulation ratios of ischemic to nonischemic samples. To control for the cardioprotective effect of ibuprofen, tissue sections from control and drug-treated dogs with equal amounts of injury (i.e., grams of infarcted tissue) were compared. The treatment group received 6 doses of ibuprofen, 12.5 mg/kg intravenously, every 4 h beginning 30 min before coronary occlusion.
As previously shown, z° this dosage regimen resulted in a 40% reduction of infarct size expressed as a percentage of the area at risk of infarction (Fig. 1) . The decrease in infarct size was accompanied by marked suppression of PMN accumulation in infarcted myocardium. The greatest difference between control and treated dogs was observed when tissue sections with greater than 1 g of infarct were compared, in which PMN accumulation was 64% less in ibuprofen treated animals. Platelet accumulation, however, was unaffected by ibuprofen treatment, with platelet accumu- lation ratios up to 20 in both control and treated animals. Autoradiography of transverse myocardial sections confirmed that the radiolabeled cells localized primarily within the boundaries of the infarcted myocardium. These results suggest that the inhibitory action of ibuprofen on platelet aggregation was not responsible for the observed limitation of infarct size. The suppression of PMN accumulation, however, might protect ischemic myocardium from the cytotoxic effects of oxygen free radicals and lysosomal enzymes released by stimulated neutrophils. Therefore, a subsequent series of experiments was designed to further evaluate the role of neutrophils in evolving myocardial infarction.
Reduction of ischemic myocardial injury by neutrophil depletion
Dogs were depleted of circulating neutrophils (PMN) by intravenous administration of rabbit antiserum to canine PMNs prior to LCX occlusion for 90 min and reperfusion for 6 h. 16 The antiserum achieved a 77% reduction in circulating PMN. Assessment of infarct size as a percentage of the area at risk revealed a 43% reduction by neutrophil depletion (Fig. 2) . Histologic analysis of the infarcts revealed only rare PMN in ischemic zone myocardial sections from dogs treated with antiserum, in contrast to an abundant PMN accumulation in control infarcts. There were no hemodynamic differences between the Control and treatment groups. Therefore, the reduction of infarct size by depletion of PMN supports the conclusion that accumulation of PMN in ischemic-reperfused myocardial tissue is an important determinant of the ultimate extent of tissue necrosis due to ischemic myocardial injury.
Reduction of ischemic myocardial injury by superoxide dismutase plus catalase
The previous studies demonstrated that PMN play a significant role in the ultimate extent of ischemic myocardial injury. Because stimulated PMN may damage tissue by release of oxygen free radicals, we evaluated the effect of oxygen radical scavengers on infarct size in the canine model of regional ischemia and reperfusion. 19 Treatment consisted of a combination of superoxide dismutase (SOD) (5 mg/kg[2900 U/mg, Sigma]) plus catalase (CAT) (5 mg/kg[l 1,000 U/mg, Sigma]) infused via the left atrium. A 2-h infusion starting 15 min before and ending 15 min after the 90-min LCX occlusion was associated with infarcts that were 19% of the area at risk, compared to 44% in controls (p < .05). SOD plus CAT was equally effective in a group treated for 1 h starting 15 min before reperfusion, but ineffective when the combined infusion commenced 40 min after reperfusion (Fig. 3) . The findings strengthen the proposition that oxygen metabolites are involved in tissue injury and also indicate that preventable damage occurs during early reperfusion as oxygenation is restored to previously ischemic tissue. Experiments to assess the individual effects of SOD and CAT are now in progress and suggest that SOD alone is equally as effective as the combined treatment regimen.
Effect of lipoxygenase inhibition on ischemic myocardial injury
Based on the preceding studies, it was postulated that inhibition of the 5-1ipoxygenase enzyme might reduce ischemic myocardial injury by preventing formation of leukotriene B4, a potent chemotactic factor for neutrophils 2~ produced via the lipoxygenase pathway of arachidonic acid metabolism, z4 Therefore, several drugs with antilipoxygenase activity have been investigated. Nafazatrom (BAYg6575) is a substituted pyrazole compound that displays several actions. In addition to inhibiting lipoxygenase, it inhibits the major catabolic enzyme of prostacyclin and has direct freeradical scavenging activity. BW755C, a novel non-steroidal antiinflammatory agent, is a dual inhibitor of both the lipoxygenase and cyclooxygenase pathways of arachidonic acid metabolism. Benoxaprofen, another antiinfla.mmatory drug, is a lipoxygenase inhibitor exerting weak inhibition of cyclooxygenase. Each of the three agents produced a 50% reduction in infarct size as a percentage of the area at risk in our canine model of regional ischemia and reperfusion (Figs. 4-6 ). -'s'2~ The myocardial sparing effects could not be attributed to alterations in hemodynamic determinants of myocardial oxygen demand. In a similar study by Mullane et al., 13 BW755C was equally as effective when administered 30 min after reperfusion, which excludes the possibility that myocardial protection was secondary to effects on myocardial oxygen supply or demand during ischemia. The same group also reported evidence that both BW755C and nafazatrom attenuate neutrophil infiltration of ischemic myocardium, suggesting that the drugs may salvage ischemic myocardium by suppressing synthesis of lipoxygenase products such as leukotriene B4, which act as neutrophil chemoattractants. 
DISCUSSION
There is a growing body of evidence that the effects of oxygen free radicals are a major component of the myocardial injury caused by ischemia and reperfusion. Utilizing either a xanthine oxidase system or activated neutrophils to generate oxygen radicals, several laboratories have demonstrated the toxic effects of free radicals on vascular endothelium, 2~ myocardial mitochondria, z9 and sarcoplasmic reticulum. 3° Free radicals may also intensify the tissue inflammatory response by generating a neutrophil chemotactic factor from plasma components. 31 The susceptibility of the myocardium to free radical damage is probably enhanced by depletion of intracellular radical scavengers during ischemia and reperfusion. '4.~5
Free radicals may arise in ischemic myocardium from several sources (Fig. 7) . 3z Mitochondria isolated from ischemic myocardium manifest increased radical production and decreased ATP generation after reoxygenation that is prevented by radical scavengers) 3 As free arachidonic acid accumulates in ischemic myocardium, 34 enhanced prostaglandin synthesis would be accompanied by increased formation of free radicals) 5 During ischemia, xanthine dehydrogenase is converted to xanthine oxidase 32 and ATP is catabolyzed to hypoxanthine and xanthine. 36 As the latter is converted to uric acid by xanthine oxidase, superoxide anion, hydrogen peroxide, and hydroxyl radical production would result. 37 Finally, myocardial ischemia triggers complement activation,~°.]~ chemotactic factor generation, ~2 and neutrophil migration. ,3 This would give rise to the release of free radicals within the myocardium by activated neutrophils and macrophages. 3s' 39 Although direct measurement of free radicals in vivo is not technically feasible, the indirect evidence that free radicals mediate damage during myocardial ischemia and repeffusion is strong. Preliminary studies have shown that myocardial ischemia in both animals and humans is accompanied by release of lipid peroxidation products that may reflect free-radical induced membrane damage. ~' Our results with SOD plus CAT are consistent with several postulated mechanisms of injury by free radicals during ischemia and reperfusion. One possibility is that oxygen metabolites may have a direct cytotoxicity that is ameliorated by SOD plus CAT by reacting with superoxide anion and hydrogen peroxide before they can be converted to more reactive species such as hydroxyl radical ~ or N-chloramines. t~ SOD may also curtail iron-catalyzed formation of hydroxyl radical by preventing mobilization of iron from ferritin by phagocyte-derived superoxide anion, t-' An indirect route of radical-mediated injury may be through the chemoattraction of neutrophils to the myocardium by products of lipid peroxidation. 3Lt3 SOD could attenuate neutrophil infiltration of ischemic tissue by suppressing superoxide-induced peroxidation. A third possibility is that SOD plus CAT favorably alters prostaglandin metabolism within the ischemic environment. SOD, for example, has been shown to inhibit prostaglandin formation by phagocytic neutrophils, 4t and catalase inhibits prostacyclin release from vascular endothelium exposed to stimulated neutrophils, t5
The conclusions of multiple studies merit reexamination in light of the newly recognized role of free radicals in ischemic myocardial injury. The varying effects on infarct size of drugs that inhibit cyclooxygenase seems to be correlated with their differential effects on neutrophil function. For example, ibuprofen reduces infarct size and neutrophii superoxide anion production, while aspirin does neither, despite its ability to inhibit cyclooxygenase. ~-t7 Prostacyclin protects ischemic myocardium in the absence of significant effects on myocardial 02 demand or regional myocardial blood flow. 48 Prostacyclin's inhibitory influence on oxygen radical release by neutrophils, however, may be responsible for its cytoprotective property, t' Allopurinol's antiischemic characteristics hzave been ascribed to preservation of a purine pool for ATP synthesis, s'' but may actually reflect inhibition of oxygen radical generation by myocardial 5~ xanthine oxidase. Infarct size reduction by mannitol was considered an osmolar effect on cell swelling 2 but quenching of hydroxyl radicals may be its true mode of actionY-
The major hypothesis that we have attempted to develop is that inflammatory leukocytes in acute reactions associated with reperfusion of the ischemic myocardium liberate cytotoxic products into the surrounding environment, thereby leading to an extension of the irreversible cellular injury beyond that due to the ischemic process alone. In addition to undergoing a "respiratory burst" that is characterized by an increase in oxygen consumption and the production of cytotoxic activated oxygen species, the leukocytes also release preformed proteases from cytoplasmic lysosomal granules. The proteases within the azurophil cytoplasmic granules are elastase, cathepsin G, and an unspecified serine protease, all of which are active at neutral pH. In addition, a specific-granule collagenase contributes to the leukocyte mediated tissue injury. There is, however, a regulatory mechanism whereby the extent of the inflammatory responses is kept under control. The most significant controlling mechanism is through the action of an a-l-proteinase inhibitor (a-l-Pl) which is present in tissues and is derived from the circulation as a result of transudation of plasma proteins. ~ The primary physiologic role of a-I -PI is to inhibit the elastase released from active or dying PMNs. A second inhibitor in plasma is a-l-antichymotrypsin Ic~-I-ACHYI and also serves as a regulator of the acute phase reaction. An important protective function of c~-1 -ACHY may be to inhibit PMN cathepsin G. Thus, a-I-PI and a-I-ACHY serve as important modulators of the acute as well as the chronic inflammatory response to tissue injury, thus limiting the ultimate extent of the leukocyte mediated and macr, ophage mediated cytotoxicity. The formation and release of activated oxygen species and oxygen free radicals can inactivate the plasma derived proteinase inhibitors; a reaction that can be prevented by superoxide dismutase and catalase.
The oxygen-derived free radicals and activated oxygen species can also influence the inflammatory response by inactivating chemotactic substances that serve to attract PMNs and monocytes to regions of tissue injury, thereby providing an important feedback mechanism for self-regulation of the leukocyte chemotactic response.
Oxygen free radicals and other reactive species of oxygen can directly alter tissue macromolecules such as collagen and can depolymerize hyaluronic acid thus making it more susceptible to degradation by 13-N-acetylglucosamidase. 54 Scavengers of oxygen free radicals can protect against the deleterious effects of reactive oxygen species upon tissue macromolecules? 45~
It is apparent that PMN derived oxidants at sites of tissue injury can alter the balance between leukocyte released proteases and plasma derived proteinase inhibitors as well as limit the action of chemotactic mediators and to disrupt extraceilular supportive macromolecular proteins. These events, taken together, influence the degree and extent of progression of the tissue response to injury. The ability to modify one or mote of the actions of oxygen free radicals through the use of free radical scavengers should result in limiting the extent to which tissue undergoes irreversible injury.
The traditional approaches to limitation of experimental infarct size have revolved around the concept of an imbalance between myocardial oxygen supply and demand. Therefore, interventions that increase oxygen availability or reduce oxygen requirements have been a primary focus of laboratory investigations. The expanding clinical use of thrombolytic therapy in acute myocardial infarction dramatizes the potential clinical applications of basic research. ~ We believe, however. that implementation of this new mode of therapy confers a mixed blessing, in that reperfusion of ischemic tissue may accelerate the generation of oxygen-derived free radicals. Pretreatment with a free radical scavenger, however, might significantly increase the benefit of reperfusion and result in greater myocardial salvage.
We eagerly await clinical evaluation of free radical scavengers in patients with acute myocardial infarction in order to address this important therapeutic question.
